Assimilatory power was measured in ten C3 species by means of a rapid-response gas exchange device as the total amount of CO2 fixed in N2-C02 atmosphere after switching the light off. Different steady-state levels of the assimilatory power were obtained by varying light intensity and 02 and CO2 concentrations during the preexposition periods in the leaf chamber.
Within the limits of the linear part of the CO2 curve of photosynthesis in N2, the assimilatory power is constant, being sufficient for the assimilation of about 20 nanomoles CO2 per square centimeter leaf. The pool starts to decrease with the onset of the CO2 saturation of photosynthesis. Increase in O2 concentration from 0 to 100% at 350 microliters CO2 per liter produces a considerable decrease in the assimilatory power.
The mesophyll conductance (M) was found to be proportional to the assimilatory power ( It is concluded that the COr and light-saturated rate of photosynthesis is limited by the reactions of the formation of the assimilatory power and not by ribulose-1,5-bisphosphate carboxylase. 02 is a competitive consumer of the assimilatory power, and the inhibitory effect of 02 on photosynthesis is caused mainly by a decrease in the pool of the assimilatory power at high 02 concentrations. In intact leaves, the kinetic properties of ribulose-1,5-bisphosphate carboxylase seem to be variable.
McAlister (10) observed a postillumination CO2 uptake in wheat leaves that was related to previous photosynthesis. Using 1C as a tracer, Calvin and Benson (4) and Benson and coworkers (3) found out that in green algae a 30-s preillumination time was enough for the formation of about 80 to 100% of the full C02-fixing capacity. In a series of extensive studies carried out on Chlorella, Tamiya, Miyachi, and their associates showed that the ability for light-enhanced dark CO2 fixation was closely parallel to the photosynthetic rates of cells during their life cycle (15) . The substrate for the postillumination CO2 uptake was formed photochemically concomitant with O2 evolution. The stationary level of the substrate pool was achieved after 40 to 50 min illumination of dark-adapted cells in an atmosphere of N2. The stationary level of the substrate pool was diminished by raising the 02 concentration. 02 also accelerated the self-decay of the pool in darkness in the absence of CO2 (14) . When it appeared possible to evoke the postillumination reduction of DPIP' in the Hill reaction in Chlorella ceils in amounts comparable with the light-enhanced dark CO2 uptake, a conclusion was drawn that the light-generated substance should be a reducing agent. But no correlation was found between the changes of the pools of reduced pyridine nucleotides and the postillumination CO2 uptake in light-dark transients (16) , nor were the reduced sugars found in significant portion among the products of the lightenhanced dark CO2 fixation (7) . As it has been shown that RuBP in Chlorella cells can be accumulated in significant amounts, it seemed reasonable to postulate that the dominant substrate for the postillumination CO2 uptake in C3 plants is RuBP (12) .
The phenomenon ofthe postillumination CO2 uptake has also been observed in isolated chloroplasts and in higher plants (13) . Assuming that in C3 plants its substrate is mostly RuBP, studies of the kinetics of CO2 fixation with respect to the pool of the acceptor and CO2 concentration would give us information about the kinetic properties of the carboxylation reaction in vivo.
In this study the postilumination CO2 uptake of leaves from various C3 plants is studied by gas exchange technique with the aim of elucidating the limiting role of the substrate compound in photosynthesis and kinetics of the caboxylation reaction in vivo. Possibly, the postillumination CO2 uptake does not proceed at the expense of a pool of one concrete substrate compound (e.g. RuBP), but as a result of rapid interconversions of intermediates of the Calvin cycle, a number of chemical compounds may be to some extent involved in the process (e.g. ATP, NADPH, the pool of H+ ions in thylakoids). On (1) , widening its scope from the original meaning of NADPH + ATP to the sum of all energetically rich compounds causing the postillumination gulp of CO2 in a photosynthetic organism. However, it is most likely that the major part of the postillumination CO2 uptake in C3 plants is related to the pool of RuBP.
MATERUILS AND METHODS
Plants of sunflower (Helianthus annuus L.) and bean (Phaseolus vulgaris L.) were grown in a growth chamber in 5-L pots filled with soil. Combined nutrients were added (10 g/pot).
Growth parameters: irradiation density 16 klux, 18/6-h day/ night cycle, air temperature 27 + 2°C/17 ± 2°C day/night, RH 50 to 60%, soil moisture 80% of the field capacity. At The gas exchange apparatus has been described elsewhere (17) . Two identical independent open systems for CO2 exchange measurements (further called 'channels') containing two gas analyzers may be tuned to different background CO2 concentrations (0-2000 ul/l) and 02 concentrations (0-100%). A leaf chamber (44 x 44 x 3 mm3) may be rapidly switched into the chain of either the first or the second channel. The flow rate of gas through the chamber is 20 cm3/s. By reducing the dimensions of all the elements of the system and by using thermostated condensertubes for presetting a constant low humidity before the entrance of gas into the analyzers, the response time (99.5% of full deflection) of the system was reduced to 2.3 s (with the analyzer 'Infralyt IV', 100-x 20-mm cuvettes). The leaftranspiration rate was measured by means of psychrometers (one in each channel). The CO2 exchange rate and the intracellular CO2 concentration (considering also CO2 solubility in the liquid phase of mesophyll cells) were calculated as described in Laisk (8) .
The methods were elaborated for the maximum precision of measuring the total amount of CO2 assimilated by the leaf after the interruption of illumination. Though the transient process of reducing the rate of CO2 uptake after switching the light offcould be directly recorded, the hypothetical response-curve of the apparatus for the momentary stopping of the CO2 uptake had to be theoretically redesigned for each measurement (Fig. la) one. An example ofthe recorded output signal ofthe gas analyzer in the second channel is shown in Figure lb . The hatched area represents the integral ofthe postillumination CO2 uptake. When using this method, no experimental error caused by the inertia of the system was introduced into the results.
The time of exposure of the leaf in darkness during each measurement of the assimilatory power did not exceed 2 min at low CO2 concentrations (at higher CO2 concentrations, the assimilatory power was consumed faster). During this time, the preexposition conditions in the first channel were changed, the leaf chamber was switched back to the first channel, and the light was turned on. The stabilization of the photosynthetic rate at new preexposition conditions occurred within 5 min. During the preexposition of leaves at low CO2 concentrations in N2, a slow tendency to photoinhibition could be observed (18) , but this effect did not exceed a few percent from the steady-state rate of photosynthesis.
To obtain the full amount of carboxylation, the bottom line of the hatched area in Figure 1 should follow the course of respiration. In the absence of 02 during the preconditioning periods, only CO2 evolution from mitochondrial (dark) respiration has to be considered. By extrapolating the photosynthesis versus intracellular CO2 concentration curves (PCw curves) to the zero CO2 concentration in the mesophyll cells, it was found that in full-grown sunflower leaves the rate of mitochondrial respiration in the light and in the absence of 02 was reduced to a very low value. On this basis, the rate of mitochondrial respiration was not determined in any particular case, but assumed to be close to zero at the moment of switching the light off. For the absence ofany information about the course ofrespiration during the postillumination CO2 uptake, a straight line was drawn from zero to the respiration rate after the full cessation ofCO2 uptake. In case the leaf was preconditioned in an atmosphere containing 02, photorespiratory CO2 evolution was determined by the extrapolation ofthe PCw curve in any particular case (Fig. lc) . Due to the rapid change of CO2 concentration in the chamber (0.5 s) and rapid reaction of the apparatus, the rate of CO2 evolution from the leaf right after switching the chamber to the zero CO2 concentration was considered to be close to the photorespiration rate under the steady-state (non-zero C02) conditions of photosynthesis. The following transient rise and fall of the rate of CO2 evolution under zero CO2 concentration could be easily recorded. The error introduced by incorrect accounting of respiration is negligible in an anaerobic atmosphere where respiration is low, but may be significant at high concentrations of 02.
To reduce the experimental error ofmeasurements, the following corrections were taken into account. The bottom line of respiration was bent at the beginning according to the response curve ofthe apparatus (Fig. 1) . Though background CO2 concentrations in both the channels were equal, the actual CO2 concentration in the leaf chamber was lower in the preconditioning channel due to leaf CO2 uptake. Together with the assimilatory power in the leaf, a certain amount of gas equal to the volume of the leaf chamber and of the connecting tubes (about 8 cm3) with the lower CO2 concentration was also transmitted from the first into the second channel, that brought about additional deflection not produced by the assimilatory power. This correction was proportional to the difference between the CO2 concentrations in the channels and it was taken into account in calculations. Its value varied from 0.3 to 0.5 nmol/cm2 when the background concentrations of CO2 in both the channels were equal, but could be larger if measurements were carried out at CO2 concentrations different from those during the preconditioning of the leaf.
At low CO2 concentrations, the time required for the full exhaustion of the assimilatory power lengthened to several tens of seconds. During this time a considerable self-decay of the assimilatory power occurred. The rate coefficient of the selfdecay of the assimilatory power was determined and the process was taken into account in calculations of the actual initial values of the assimilatory power. This correction was about 10% at low CO2 concentrations.
Of all the sources of error, the most essential is the unknown course of photorespiration during the measurements of the assimilatory power. A rough estimate for the total error of the method yields a value of 0.5 nmol CO2/cm2.
Below, some experimental data will be given in MA axes where M is the mesophyll conductance (the initial slope of the CO2 curve of photosynthesis with respect to the intracellular CO2 concentration [PCw curve]) and A is the pool of the assimilatory power measured as postillumination CO2 uptake. It the dark. The experiment was repeated with different times of exposure in the second channel (Fig. 2) . The curve in Figure 2 is exponential with the time constant of 128 s. Evidently, the selfdecay of the assimilatory power proceeds according to the firstorder kinetics with the rate constant k, = 7.8. 10-3 s-' at 22 .5°C (leaf temperature in the dark). This value of k, was used for calculations of correction for the self-decay of the assimilatory power in other experiments.
Dependence of the Assimilatory Power on CO2 Concentration. The CO2 exchange rate ofthe leafwas brought into a steady state at different CO2 concentrations from 90 to 1960 Ml/l at a saturating irradiation density 43.2 mw/cm2, t1 = 23.7°C. At every CO2 concentration, the assimilatory power was measured (Fig.  3) . The pool of the assimilatory power remains high over the C02-limited range of photosynthesis. In this experiment, the maximum assimilatory power in a sunflower leaf was Light curves of the rate of CO2 uptake (P) and of the assimilatory power (A). Sunflower leaf was preexposed to 184 z1/1 CO2 in N2 at irradiation density 52.9 mw/cm2, leaf temperature 23.9°C. Then irradiation density was reduced, after 60 s illumination was interrupted, and the postillumination CO2 uptake was measured. Befure measurements at each reduced irradiation density, the photosynthetic rate was stabilized at 52.9 mw/cm2. chosen for measuring the assimilatory power proceeding from the considerations that at this moment its pool had already obtained a new equilibrium value while other light-dependent readjustments in the photosynthetic apparatus were only beginning. Measurements at different light intensities were started from the stabilization of the photosynthetic rate at the full light intensity. From Figure 5 , it is evident that the light curve of the assimilatory power matches the course of the light curve of photosynthesis.
Dynamic Relationships between Photosynthesis and the Assimhlatory Power. The simplest way to obtain different pairs of values of the rate of CO2 uptake and the pool ofthe assimilatory power is monitoring the postillumination decay-curve of photosynthesis. In the course of the curve, the assimilatory power and the rate ofcarboxylation decline from their initial values to zero. At low CO2 concentrations, the process is sufficiently slow to be traced by the rapid-response recording system. In Figure 6a , the postillumination decay curve of the CO2 uptake rate (P) and the correspnding change in the CO2 concentration in the mesophyll cells (CQ) are shown for a sunflower leaf. Within 30 s, the rate of CO2 uptake declines from 1.6 nmol/cm2 *s to zero. At the same time the CO2 concentration in the mesophyll cells rises from 2.3 to 6.5 nmol/cm3. Within the first 1.2 s, the decay curve of photosynthesis may be distorted by the inertia of the recording system. The results show that the rate of CO2 uptake starts to decline immediately after switching the illumination off. There is no horizontal part at the beginning of the decay curve of photosynthesis which would indicate the saturation of the carboxylation reaction with the acceptor of CO2.
Kinetics of Carboxylation with Respect to the Assimilatory Power and CO2 in Leaves. The pool of the assimilatory power (A) at different moments of the decay-curve of photosynthesis (Fig. 6 ) was found by integrating the rate of carboxylation from the particular moments to the end of the curve. This procedure revealed the capacity of the leaf for further fixing C02 at any moment of the postillumination decay curve of carboxylation.
At the same points of the curve, the mesophyll conductance (M) was calculated. The curve relating the mesophyll conductance to the pool of the assimilatory power (the MA curve) is shown in Figure 6b . The curve is slightly sigmoidal. This sigmoidity may be caused by the beginning inactivation of RuBP carboxylase to the end of the decay curve of photosynthesis in the dark; or it may be an apparent result of the presence of chloroplasts having different proportionality constants between M and A in the leaf; it may also reflect the presence of jlcarboxylation of PEP. Leaving aside the initial concave part of the curve, a reasonable approximation of the relationship between the assimilatory power (A) and the mesophyll conductance (M) is proportional dependence M = mA. In this experiment, the value of m = 0.040 cm/s. nmol * cm2. Within the proportionality, constant m will be referred to as the 'specific efficiency of carboxylation. ' The values of the mesophyll conductance were also calculated for the steady-state experimental data presented in Figures 5 and  6 and plotted against the assimilatory power. The points lay almost on a straight line when K,,, (CO2) = 30 Mm was used in the calculations (Fig. 7) . The specific efficiency of carboxylation obtained from these experiments was m = 0.035 or 0.038 cm3/ s nmol, respectively.
The kinetics of carboxylation with respect to CO2 can be power (Fig. 3) . To reduce the measured rates of CO2 uptake to a constant pool of the assimilatory power, we shall introduce the term of the 'specific rate of carboxylation' (E) which denotes the rate of carboxylation at a given CO2 concentration per unit assimilatory power: E = F/A. In Figure 8 , with the values of the same constant for Chlorella (7.6-10.5.
10-3 s'-( 1).
Assuming that the assimilatory power is in a one-to-one stoichiometric ratio with fixed C02, and there is 30 to 45 Ml chloroplast stroma per mg Chl (2) , the approximate concentration of the assimilatory power in chloroplasts would be about 1I1 to 17 mm. In relation to the leaf Chl content, the concentration would be about 400 nmol/mg Chl or 0.36 mol/mol Chl. This is close to the ratio found by McAlister for wheat (10) .
An interesting question is the chemical nature of the assimilatory power. The simplest version would be to identify the assimilatory power with the acceptor of CO2 RuBP. This assumption is supported by the kinetic properties of the carboxylation reaction with respect to the assimilatory power and CO2 found above. The pools of RuBP measured in cells and chloroplasts appear to be close to the pool of the assimilatory power. In Chiamydomonas reinhardtii, the concentration of RuBP at low partial pressures of CO2 and 02 was found to be 325 nmol/ mg Chl (5) . In spinach chloroplasts, the RuBP levels reached 240 nmol/mg Chl in the absence of 02 and C02, and dropped when adding CO2 (22) . In wheat seedlings at 0.1% 02 and 100 Ml/l C02, over 400 nmol RuBP/mg Chl accumulated, while at the air level of 02 the maximum 300 nmol/mg Chl was observed at 350 M C02/1 (19) . In soybean leaflets, RuBP was in maximum at low levelsof CO2 and 02, and dropped when the concentration of either CO2 or 02 was raised, but the absolute levels of RuBP did not exceed 70 nmol/mg Chl (6) . The dependencies of RuBP pools on intracellular CO2 pressure in bean leaves quite similar to that presented in Figure 3 (for the assimilatory power) were obtained in Badger et al. (2) . The maximum RuBP pool (about 30 nmol/mg protein or 34 nmol/cm2) was observed at 20 mbar These results indicate that the maximum absolute value and the kinetic behavior of the RuBP pool under various CO2 and 02 concentrations are similar to the absolute value and to the CO2 and 02 dependencies of the assimilatory power.
Assuming that the assimilatory power is identical to the pool of RuBP, there remains one contradiction to be solved. The sunflower leaves used in experiments contained 34% protein by dry weight. Using the correlation between the concentration of RuBP carboxylase and the total protein content found for spinach and soybean leaves in Seeman and Berry (21) , a value for the carboxylase concentration would be 0.25 mg/cm2 = 3.6 nmol active sites/cm2 = 80 gmol active sites/g Chl. If the amount of RuBP exceeds this value, the free RuBP would be saturating for the carboxylase reaction since the Km (RuBP) of carboxylase from sunflower is only about 120 uM (20) . From this, one can deduce that the time course of the postillumination decrement of the rate of CO2 uptake should be a two-phase curve: at first, the rate of CO2 uptake has to remain constant until 50 to 60% of the assimilation power will be consumed and only after that an exponential drop will be observed. In actually recorded curves (Fig. 6) (RuBP) in vivo is higher than measured in vitro. We believe that 3-to 4-fold underestimation of the RuBP carboxylase content in the leafis rather unlikely. The time constant for the postillumination decay of the CO2 uptake rate is firmly dependent on the CO2 concentration at whatever the assimilatory power is consumed, being the longer the lower is the CO2 concentration (data not shown). Therefore, it is also rather unlikely that the postillumination drop of the CO2 uptake rate is primarily caused by inactivation of the carboxylase. The latter is generally a slower process than the postillumination decay of photosynthesis and it should be even more rapid at lower CO2 concentrations. We have no evidence against the explanations concerning the number of active sites of the carboxylase or its Km (RuBP) in vivo.
Dependencies of the assimilatory power on CO2 and 02 concentrations and light intensity enable one to make conclusions about its place in the sequence of the limiting reactions of photosynthesis. From Figure 2 , it can be seen that if the carboxylation rate is limited by the low concentration of C02, the internal mechanism of synthesis of the assimilatory power will maintain a high and constant pool of it. But at higher CO2 concentrations, the reactions of synthesis of the assimilatory power can no more meet the growing requirements of the carboxylation process and limitation is transferred to the chain of synthesis of the assimilatory power. The raising of the CO2 concentration in the limits of the plateau of the CO2 curve of photosynthesis leads to a decrease in the pool of RuBP. Therefore, in accordance with Laisk and Oja (9) the C02-and lightsaturated (potential) rate of photosynthesis is determined by the capacity of reactions of formation of the assimilatory power and not by the maximum turnover rate of RuBP carboxylase.
Oxygen is a competitive consumer of the assimilatory power (23) . At an ambient CO2 concentration of 350 l/l, the presence of 21% 02 causes a 42% decrease in the pool ofthe assimilatory power and 36% decrease in the net rate of CO2 uptake compared to the anaerobic atmosphere. The effect of oxygen on the net rate ofCO2 uptake is compensated, compared to its effect on the mesophyll conductance, by an increase in the intracellular CO2 concentration at lower rates of CO2 uptake. From these experiments, it follows that the inhibitory effect of 02 on gross photosynthesis is mainly the result of a decrease in the pool of the assimilatory power caused by its competitive consumption by atmospheric oxygen. The dependence of the mesophyll conductance on the pool of the assimilatory power (the MA curve) turned out to be almost linear. Sometimes there was observed a slight concavity of the dynamic MA curve at the low levels of the assimilatory power. The existence of a small activity of j3-carboxylation of PEP in sunflower leaves that decreases more slowly in the dark than the carboxylation of RuBP would explain this result (7) .
The kinetic properties of the carboxylation reaction with respect to CO2 resemble the kinetics ofcarboxylase to this substrate. Km (CO2) of the carboxylation reaction at a constant pool of the assimilatory power ranges frequently between 25 and 35 gM (Table I) . In later studies, the most frequently occurring values of the Km (CO2) of carboxylase vary between 10 and 40 tM (24, 25) . The lowest in vivo values of the Km (CO2) seem to be somewhat higher than the lowest values obtained in vitro. Vari- ations in Km (CO2) in Table I 
